Colloidal particles are formed and stabilized by surrounding the core with a surfactant shell that keeps the CQDs isolated and prevents charge transport though the arrays. [6] Replacing this shell by shorter molecules, so-called ligands, decreases the interparticle distance and increases the electronic coupling. This is thus a crucial step in forming conductive, practically relevant assemblies.
Introduction
Colloidal quantum dots (CQDs) are semiconductor crystals in the size range of few nanometers. Due to the small size, they exhibit size-dependent optical and electronic properties through the quantum confinement effect. Moreover, CQDs in proximity interact and experience electronic coupling that depends on their distance and on the properties of the surrounding medium. These features allow for easy control of the electronic properties that could be exploited in energy harvesting and electronics applications such as transistors and more complex logic circuits, photodetectors, solar cells, and thermoelectric cells. [1] [2] [3] [4] Alternatively, even without exploiting the size-dependent effects, the possibility of nanoscale engineering of the composition and crystallinity qualifies CQDs as excellent building blocks for bottom-up fabrication of bulk materials. [5] order between the resulting films, the possibility of band transport in superlattices of confined CQDs is discussed, followed by the evaluation and redefinition of the criteria used to prove the transport mechanism. Section 3 discusses the advances in controlling the electronic properties using the large surface area of the CQDs, in comparison with the possibilities in bulk semiconductors. In Section 4, we give an overview on the recent developments of CQD-based energy-harvesting and electronic devices, based on either sintered or confined CQD arrays.
Assembly of CQD Thin Films
As-synthesized CQDs are capped with long, organic ligands that passivate the CQD surface and allow their colloidal dispersion. These ligands also separate the particles when they are arranged one next to each other in a thin film, leading to insulating behavior; hence their removal or exchange is crucial in achieving electronic coupling between the CQDs. This exchange is typically done using layer-by-layer spin coating by alternating the deposition of the CQDs and the chemical treatment steps. Although the resulting films are smooth and macroscopically homogeneous, they lack the ease of processing, which is characteristic of other solution-processable semiconductors such as polymers. Moreover, the resulting films lack long-range structural order, a characteristic of inorganic semiconductors. To overcome the limitations of the layer-by-layer fabrication, two methods have been developed recently, tackling the ease of processing and the structural control.
Solution-Phase Ligand Exchange
The most established and successful method to fabricate CQD solids, namely, the ligand exchange performed on a solid film, results in cracked layers, often affected by incomplete reaction, and is highly time and resource consuming. [15, 21] This practical bottleneck of forming high-quality, device-grade thick arrays in a single step limits the application prospects. In the last decade, a number of methods to perform ligand exchange in liquid phase prior to the formation of CQD solids were reported. The process is based on the replacement of the hydrophobic, organic ligands by small, highly charged inorganic species accompanied by the migration of the CQDs from the original apolar solvent to a polar one (Figure 1) . The resulting, inorganic-capped CQDs form electronically coupled solids directly upon deposition, thus these versions of the CQD inks can be applied in any solution-based deposition techniques.
The chemical nature of the inorganic ligands varies a lot. The first reports on achieving colloidal stability in a fully inorganic compound semiconductor system introduces the use of chalcogenidometallate complexes (highly charged main group metal chalcogenide ions), and later simple chalcogenides, bichalcogenides, or thiocyanate. [22] [23] [24] [25] [26] The complex species used for stabilization usually take the M(ox) m E n (2n−ox*m) form, where 1-2 metal or semimetal cores (M ox+ : Sn(IV), Sb(V), Mo(VI), As(V), or Ge (IV), for example) are surrounded by a chalcogenide shell (E: S 2− , Se 2− , and Te 2− ) and are countered by hydrazinium, ammonium, or alkaline metal ions in a highly polar media, such as hydrazine, formamide, or dimethyl-sulfoxide. Similarly, some metal chalcogenides (In 2 Te 3 , ZnTe, CuInSe 2 , and Ga 2 Se 3 ) in their molecular form stabilized in hydrazine also act as stabilizing ligands for various CQDs. [22] The process of the chalcogenide or chalcogenide-complex stabilization is driven by the high affinity of the chalcogenides to the reactive, unbalanced metal ions left at the surface after the removal of the original organic surfactants. [22] Fully inorganic thin films can be formed by conventional techniques, such as spin coating, but the high boiling points of the solvents require higher processing temperatures, achieved by IR heating, for example. [27] Further annealing easily removes the volatile ammonium or hydrazinium cations, converting the ligand shell into an amorphous metal chalcogenide matrix. This approach enables the on-demand fabrication of nanostructured alloy materials based on high-quality, monodisperse CQDs, for example PbSe in Sb 2 Se 3 or GeS 2 , or PbS@CdS in As 2 S 3 . [23, 28] The composition of the ligands can be matched to that of the CQDs, creating a nanocrystalline, but chemically homogeneous material upon annealing. [29] The chalcogenide-based stabilization showed very good prospects for charge transport in thin films, [10, 18, 24, 30] but the significant loss of quantum confinement and the low photoluminescence quantum yield after ligand exchange are disadvantageous for applications in solar cells or other optoelectronic devices. [28, 31] Moreover, the need of the explosive hydrazine for the stabilization of the chalcogenide complexes and the lack of stability of the high-quality thiocyanatecapped CQD dispersions made the overall approach inconvenient.
Short molecules, similar to those used in the fabrication of the early CQD solar cells, allow for achieving charge transport while retaining the quantum confinement. For example, aryl-or alkyl-thiols have been shown to stabilize PbS CQDs in chlorinated organic solvents. [32] [33] [34] However, only partial investigations are available, and at this stage it is not possible to evaluate their performances in devices. Around the same time, the layer-by-layer ligand exchange using halides was introduced. The halides lead to great results in solar cell fabrication, showing not only increased performance, but also much better ambient stability than the organic ligands. [12, 13, 35, 36] The realization of halidecapped solution-phase ligand exchange was therefore the next logical step in the process.
Following the metal-complex approach laid down earlier, a method of stabilizing CQDs in polar solvents using halides was developed. Species with the general structure of M(ox) X n (ox−n)
, where M is a metal cation with "ox" oxidation state and X is a halide, were shown to transfer various CQDs from an apolar to a polar phase by ligand exchange. [37] The formation of the stabilizing species occurs in dynamic equilibrium of the [
., series. Selfionization in a metal halide solution can readily result in sufficient conversion to ionic species, which can further be improved by adding alkaline or organic-ammonium halides. The phase transfer and ligand exchange occur using simple alkali-or (alkyl) ammonium-halide and pseudohalide solutions as well. [38, 39] Moreover, the stabilization of halide-capped CQDs can be realized in purely ionic media; low melting point inorganic halide or nitrate mixtures and organic salts can form stable dispersions of various nanocrystals via phase transfer or dispersion of previously exchanged particles. [40] The mixed solution of methylammonium-iodide and lead iodide is the simplest precursor for the formation of the MAPbI 3 perovskite semiconductor. [41] Epitaxial growth of a perovskite shell upon drying PbS dispersions stabilized by bismuth-or lead-iodide-based ligands has been reported. [42, 43] Figure 1 . Phase-transfer ligand exchange: a) the CQDs are transferred from the original apolar phase to the polar one containing the new ligands while their ligand shell is replaced; b) the upper, apolar phase turns transparent, and the bottom, polar phase takes the color of the CQDs after successful ligand transfer; c) the absorbance and emission spectra before (dashed) and after (solid) the transfer show only minor differences, stemming from the changing dielectric environment; d) the lack of C-H, C-O, and C-C vibrations prove the replacement of the original ligands; e) the zeta potential of the CQDs indicates a heavily charged surface, suggesting the addition of excess ligands; f,g) the particle shape and size remain the same during the phase transfer, as seen under a TEM. a-c) Reproduced with permission. [45] Copyright 2017, American Chemical Society. d-g) Reproduced with permission. [37] Copyright 2017, American Chemical Society.
good surface passivation, as indicated by the PL quantum yield of MAPbI 3 -capped PbS CQDs as high as that of the oleatecapped ones. [37] Moreover, the use of these ligands allows the easy fabrication of composites based on CQDs integrated into a perovskite semiconductor matrix. [44] Signatures of energy-and charge transfer between the CQDs and the matrix have been observed, showing the prospects of the method in forming heterojunctions at the nanoscale. [43, 44] Most inorganic-capped CQDs easily disperse in polar, high boiling point solvents, such as N-methylformamide (NMF), dimethylformamide, dimethylsulfoxide, or propylene carbonate. The stabilization occurs through dielectric screening of the ligand ion pairs: the halide anion acting similar to an X-type ligand remains bound to the CQD surface, while the cation is solvated. For this reason, donor-type solvents and additives (NMF or hexamethylphosphoramide) largely improve the stability of the dispersions. [37] The requirements of high polarity and simultaneous donor-and acceptor-type behavior keep the list of possible solvents short, and most candidates exhibit high boiling point. The most promising solvent reported for inorganic-capped CQD dispersions is 2,6-difluoropyridine, with a boiling point of 125 °C. [45] The possibility of stabilization strongly depends on the CQD size. Lead-chalcogenide CQDs are faceted; in the few nanometer size range only a few facet types appear making them determinant for the overall properties. The whole surface consists of atoms with coordination number lower than the bulk value, but the actual coordination depends on the facet type. It has been demonstrated that the particle shape shows a transition from octahedron to truncated octahedron with increasing size at around 3-3.5 nm, causing the dominant facet to change from {111} to {100}. [46] The lower coordination of the {111} facets compared to the {100} ones leads to higher binding energy to the ligands. [47, 48] Moreover, the {111} facets are typically lead terminated, while the {100} ones show balanced stoichiometry. These facts give rise to chemical differences of the facets, and in turn to size-dependent chemical properties of the CQDs. The most observable consequence of the size difference is the possibility to stabilize iodide-capped 2.9 nm PbS CQDs in n-butylamine, and the impossibility thereof using 4.6 nm particles. [49, 50] Consequently, the ink formulation has to be adjusted to the particle size and shape.
Self-Assembly into Superlattices
The widely used layer-by-layer spin-or blade-coated films of CQDs are macroscopically homogeneous and smooth, but show clear nanoscale disorder both in the particle spacing and orientation. [15, 21] The prospects of creating artificial, nanostructured assemblies of CQDs showing both crystal-like electronic and transport properties while maintaining the quantum confinement have encouraged researchers to find ways to controlling the assembly process. It has been known for 20 years that as-synthesized, organic-capped CQDs tend to form ordered structure upon controlled precipitation from solution. [51] The supercrystal symmetry and the orientation of the individual CQDs within the lattice are strongly affected by the particle shape and ligand coverage. [52, 53] Mild annealing of these supercrystals leads to the formation of narrow interparticle connections, named "necks." [54] However, from a practical perspective, arrays where the original ligands are fully and controllably replaced are of greater scientific relevance.
Oriented attachment of lead-chalcogenide CQD thin films can be achieved through desorption of the ligands induced by chemical treatment of a solid film. [55, 56] The chemical treatment can be simply the exposure to a liquid that dissolves oleic acid (L-type ligand replacement in Green's formalism) or lead oleate (removal of a Z-type ligand), or to a solution containing reactive species that replace the oleate groups (X-type ligand replacement). [21, [55] [56] [57] [58] [59] However, the formed layers are not continuous due to the shrinkage occurring during the ligand replacement, and only short-range ordering is observed in lack of full rotational freedom.
Long-range order can be achieved by forming thin films on top of a liquid bath, where CQDs maintain their rotational and translational freedom during the assembly process (see the schematic in Figure 2 ). [60] The self-assembled structures can be irreversibly stabilized by inducing an oriented attachment; the ligand desorption in this case can be triggered by heating a mildly reactive subphase liquid or injecting chemical agents into the bath. [61] [62] [63] [64] [65] Optimizing the method, superlattice domains of several micrometers can be achieved, and the properties of the structures can be studied. The interest in these structures has recently been validated by two works reporting record charge carrier mobilities in PbSe CQD superlattices, with a clear improvement compared to what is found in traditional disordered arrays. [66, 67] The superlattice formation mechanism is influenced by the faceted nature of lead-chalcogenide CQDs. By default, isotropic, quasispherical particles with rather dense and hard ligand shells assemble into face-centered cubic (FCC) superlattices with random orientation of the single particles. Typical lead-chalcogenide CQDs are faceted, with octahedral (for smaller particles) or truncated octahedral/rhombicuboctahedral (for larger diameters) shape. [46] The shape anisotropy itself can lead to different superlattice symmetry with a preferred orientation due to shape-exclusion effects (increased packing density) and orientation-specific interactions. [53, 69] These interactions are more pronounced in the case of a thinner, anisotropic, or missing ligand shell, which is achieved upon chemically or thermally triggered ligand exchange or removal. The different coordination numbers at the main facets resulting in different ligand binding energies make the ligand desorption easier from the {100} facets. [47, 56] The consequent appearance of large, uncovered surface areas at given directions, with highly enhanced orientation-specific interactions and capacity to fuse, drives the formation of close-to-square, rhombic ordering in monolayers, and body-centered cubic (BCC), rhombohedral, or (almost) simple cubic order in multilayer samples, with the {100} facets facing the subphase. [67, 68, 70, 71] The uncovered, reactive facets tend to epitaxially fuse through surface diffusion of atoms into the gap, resulting in a semiconnected structure, where some connections (necks) are as wide as the interacting facets, but the rest of the necks are missing and the gap increased. [67, 72] In practice, CQD superlattices go through most mentioned phases during the superlattice formation (see Figure 2b ). [70] Before the solvent dries, no disorder is observed. [73] As the CQD concentration increases, a hexagonal/FCC layer forms since the ligand shell is swollen by the solvent. Upon drying, the hexagonal structure turns into a BCC one. The final stage of the transformation takes place upon chemical or heat trigger. [64, 67, 68] By limiting the ligand desorption to the {100} facets and keeping the original FCCtype lattice, a honeycomb structure can be formed, where instead of the ligandfree {100} facets, the ligand-covered {111} ones are parallel to the substrate, and two hexagonal layers of CQDs are interconnected by out-of plane bonds. Simultaneous optimization of the reactivity of the subphase for ligand desorption, the miscibility of the ligand shell, and the subphase to orient the CQDs and the CQD concentration is necessary to achieve this structure. [61] Such an optimization is highly complex, and the fabrication of honeycomb superlattices has only been reported once using ethylene-glycol subphase, oleate-capped PbSe CQDs, and heating to desorb the ligands. [74] 
Disorder in CQD Solids and the Possibility of Band Transport
The interest in ordered CQD arrays stems from the prospect of achieving coherent transport through extended states, similar to the behavior observed in macroscopic crystals. This phenomenon is expected to be controllable by the structure of the layer, leading to materials with tunable confinement and dimensionality with more flexibility than in bulk crystals. The desire to deliver proof for coherent transport led to reports on partial or inconclusive experimental results accompanied by strong statements, and followed by criticisms of the criteria used to prove transport through extended states. [75, 76] In this section, we give a brief introduction to the topic and a critical overview about the state of the art at this stage.
Objects with discrete energy levels, when in proximity, show electronic coupling and extension of the electronic states; the strength of this effect is dependent on the distance and the barrier height. Moreover, in the presence of translational symmetry (e.g., in a superlattice of nearly identical CQDs), the coupled states can extend to long range. An array of ideal interacting particles can show different "phases" based on the relation of the charging energy (E C ) and the coupling strength (β). At sufficiently large E C , the charge carrier localizes on one site (Mott insulator), while a high coupling energy leads to complete delocalization. This metal-insulator transition has been experimentally shown in a monolayer of silver nanoparticles controlled in a Langmuir trough. [77] If the two objects (and therefore the energy of the two interacting states) are slightly different, the energy mismatch also Figure 2 . a) Schematic of the liquid-supported superlattice growth process: the CQD solution is dropped on top of a liquid surface, the solvent is slowly evaporated, and the ligand desorption is triggered chemically or by heat; b) the CQD array goes through several structural phases upon superlattice formation, starting from a disordered, glassy phase through FCC and BCC structures to cubic symmetry; c) long-range ordering in a close-to-square PbSe superlattice; d) superlattice order visualized applying fast-Fourier transformation on a large-area TEM image (data from panel (c)); e) the orientation of the CQD atomic lattices can be tested by selectedarea electron diffraction (the image shows a PbSe CQD lattice from the (100) zone axis). a,c-e) Reproduced with permission. [67] Copyright 2018, The Author. b) Reproduced with permission. [68] Copyright 2017, American Chemical Society. plays a role in determining the coupling strength. In a nonideal array, the presence of energetic disorder brings in another phase, the domain localization. In these systems, the carriers are delocalized over a number of sites (particles), surrounded by a shared, higher barrier.
In realistic CQD arrays, significant disorder is present. The main source is the variation in the confinement energy due to slightly different sizes. Current synthesis techniques are capable of producing CQD batches with dia meter variation below one atomic layer, ∂d/d ≈ 3% precision. [78] Such CQD dimension variation leads to an approximate energy disorder of ∂E/E ≈ 2.5%, a value in the tens of meV scale in highly confined, 3-4 nm diameter PbS CQDs. [75, 79, 80] Further sources of the energetic disorder are inhomogeneous coupling due to positional disorder and charging energy disorder due to inhomogeneous assembly or surface termination (permittivity), or trapped charges (local electric field). In lead-chalcogenide CQDs, however, the charging energy is usually similar or lower than that stemming from the disorder, setting the latter as the dominant factor. [75] On a macroscopic scale, a multitude of interacting quantum dots is expected to form bands with bandwidth being dependent on the coupling strength. The energetic disorder also results in a quasicontinuous, Gaussian-like distribution of states with a characteristic width. Pure band transport can only be observed in systems with coupling bandwidth larger than the width of the state energy disorder. Consequently, reports claiming bandlike transport should include detailed estimation of the energetics of the system. Currently, the typical figures of merits used to determine whether the carriers are transported through extended state and not through a series of hopping events are i) negative dependence of the mobility on the temperature; ii) mobility values above 1 cm 2 V −1 s −1 ; and iii) the observation of Hall effect in the sample. In practice, these conditions have often been used arbitrarily, separately, and without proper interpretation. Recent works of Guyot-Sionnest and Scheele have given a detailed overview of the possible flaws in the evaluation of these criteria; here we summarize the most important aspects. [75, 76] Briefly, neither of the aforementioned criteria can be considered individually as direct proof for band transport, but a combination of the different results is necessary. i) A "false positive" observation of negative dependence of the mobility on the temperature (assumedly the signature of phonon scattering-limited transport) can be explained within the framework of thermally assisted hopping using the classical Marcus's theory of activation. [81, 82] In this approach, the hopping event takes place if the reorganization energy is higher than the electronic coupling, and calculations show that in realistic samples, phonon-assisted hopping is the charge transfer mechanism. [81, 83] Although it has not been proven experimentally, a system can reach the "inversion" region at temperatures higher than E a /k B, where E a is the activation energy of the given process, resulting in a decreasing reaction rate with temperature. [84] This principle applies for hopping transport in disordered materials, requiring careful evaluation of the low-temperature activation energy and temperature range where the negative temperature coefficient is observed. [75] A similar relationship can be obtained based on the Einstein relation for transport as a series of single hopping events. [75] ii) The criterion of mobility values >1 cm 2 V −1 s −1 suggesting band transport was originally suggested for small molecule single crystals based on the lattice periodicity. However, due to the one magnitude higher structural features (CQD diameter or spacing), the expected value should be set to >10 cm 2 V −1 s −1 for CQD solids. Such values are rare, but possible to achieve in sintered CQD solids. However, values in this order of magnitude are theoretically predicted for charge carrier or polaron hopping as well, and thus the criterion is of low reliability. [75, 83] iii) Hall effect has been observed in disordered systems, but the Hall-mobility values are often far from those obtained from other methods. [85, 86] However, due to the possible coexistence of variable range hopping and reasonable Hall mobility, [87] and the possibility of Hall effect in polaronic systems, [88] this criterion can only indicate good conductivity and not band transport.
However, if multiple criteria are considered, one can rule out hopping-like processes. Negative temperature coefficient at temperatures below E a /k B and the presence of Hall effect with Hall mobility in the same order of magnitude as the fieldeffect mobility in the same temperature range, with values well above 10 cm 2 V −1 s −1 , can indicate band transport. Moreover, the analysis should include an appropriate estimation of the disorder and the average coupling strength in the system. [76] A good example for such a detailed study is the work of Whitham et al., where they estimate the carrier delocalization based on low temperature mobility data, structural studies, and electronic structure calculation based on the experimental data. [89] Recently, electron mobilities approaching the values measured in champion, sintered CdSe CQD films have been measured in highly ordered, epitaxially connected, but confined PbSe CQD superlattices, which are likely next to be tested for the transport mechanism. [66, 67] 
Surface-Based Control of the Electronic Properties
The interest toward CQDs stems, besides from the fascinating, tunable optical properties, from the promise of excellent tunability of the electronic properties. For example, the formation of junctions in bulk materials can only be achieved by ion bombardment doping or interfacing different materials. On the other hand, the large surface area of CQD solids gives researchers a tool to control the properties during synthesis or deposition at the nanoscale, yet having a bulk effect. This aspect is especially relevant for the facile fabrication of (opto) electronic devices. In the following, we discuss the recent developments in the electronic property control that shows the true value of CQD solids.
During the first few years of investigations, CQD solids were mainly treated with thiols for enhanced coupling and conductivity, reaching mobilities in the range of 10 −3 -10
with a very limited on/off ratio. [3, 6] From that point on, the control of the polarity or charge carrier density has been the focus of researchers as the bottleneck in materials development.
These films were highly sensitive to air and water in the fabrication and measurement environment, which resulted in predominant p-type doping. [90] Proper control of the fabrication environment led to the realization that thiol-capped CQDs can also show excellent, electron-dominated ambipolar properties, but the air sensitivity remained a problem. [91] The introduction of atomic, halide capping for PbS CQDs gave a partial solution. Replacement of the original oleate shell with a halide (mainly iodide) atomic layer results in high mobility and air-stable n-type thin films. [13] The method resulted to be robust, and the halides were used with various (alkaline, ammonium, and organic ammonium) counterions dissolved in polar solvents. [11] The only requirement is the solubility of the oleic acid in the solvent and the presence of acidic species to catalyze the ligand exchange. [21, 56, 92, 93] With the realization of air-stable samples and the growing, solid knowledge on the CQD chemistry, researchers turned toward controlling the electronic properties for applications. [94] In bulk materials, vacancy creation or heteroatom substitution can lead to dominance of one carrier type due to the locally different number of electrons. Accordingly, plasma-synthesized silicon nanocrystals can be doped with the traditional, boronor phosphor-incorporation method. [95] In solution-prepared nanomaterials, however, this approach is less effective due to the synthesis process; many materials form highly perfect nanocrystals due to facile rearrangement, "self-purification," during the crystal growth. [96] This refinement leads to segregation of the dopants at the CQD surface limiting the effectiveness of the method. [97, 98] Alternatively, several novel methods have been developed to control the polarity or charge carrier concentration in CQD solids (see Figure 3) ; most of them exploit the uniquely large surface area of the particles. Attachment of ligands carrying dipoles to the CQD surface has been shown to modify the CQD's internal electric field, similar to self-assembled monolayers affecting the work-function of metal surfaces Methods to control the polarity in CQD assemblies: a) the surface ligands modify the CQD internal electric field through their dipole moment; b) charge-transfer molecules with high ionization potential or electron affinity cause moderate Fermi-level shifts and more significant changes in the band edge positions; c) stoichiometric adjustments leading to polarity changes in CQD solids. a) Reproduced with permission. [102] Copyright 2014, American Chemical Society. b) Adapted with permission. [105] Copyright 2016, American Chemical Society. c) Upper panel: Adapted with permission. [55] Copyright 2014, American Chemical Society. Lower panel: Adapted with permission. [114] Copyright 2017, The Authors, published by American Association for the Advancement of Science.
( Figure 3a) . [99] [100] [101] The effect has been observed using the thiol and the halide ligands as well. The energy level differences are sufficient to form quasi-pn junctions using a bilayer of the same CQDs with different ligands, opening ways for applications. [102] However, the achieved level of doping is insufficient for optimal application in electronic or thermoelectric devices.
Recently, the carrier concentration has been adjusted by inserting organic or metal-organic molecules with high ionization energy or electron affinity into the CQD films (see Figure 3b) . [103] [104] [105] [106] [107] The charge transfer process between the molecules and the CQDs results in localization of one carrier, creating a population of free, unbalanced carriers of the other sign, similar to a classical doping effect. Moreover, organic molecules (both ligands and additives) in CQD films can affect the electronic coupling between the adjacent dots. Tuning the (mis)alignment of the HOMO or LUMO of the molecule with the matching states in the CQDs allows for suppressing or enhancing the coupling for one of the carriers, and determining changes in the apparent device polarity. [104, 108] Addition of ligands can also modify the density of states of the single CQDs, as observed from the increased absorbance of CQDs capped with arene-thiolates, and the effect can be fine-tuned with functional side groups attached to the aromatic ring. [109] [110] [111] [112] [113] In contrast to the limitations set by the "self-purification," the small size can also enable the introduction of more vacancies in weaker crystals through stronger strain relaxation. The few working examples of such doping are all observed in copperbased chalcogenides (Cu 2−x S, Cu 2−x Se, and Cu(In,Ga)Se 2 ), where copper vacancies are frequently present, giving rise to hole doping. [115, 116] The overall effect of the stoichiometric imbalance strongly depends on the nature of the vacancies/excess atoms. In bulk state of polar semiconductors, the charge neutrality requirement leads to excess holes or electrons for every vacancy/excess atom. Similarly, the addition of neutral metal or chalcogene to a CQD array (e.g. through thermal evaporation) leads to a strong doping (Figure 3c ). [117, 118] In nanomaterials, on the other hand, stoichiometric imbalance of charged species can easily be shielded by counterions at the surface. However, due to the small size, a few excess atoms of either component lead to a large off-stoichiometry. [119] In this case, only the band structure is expected to change-increasing density of states in the valence or conduction band with the excess of the anion or cation-leaving the overall carrier concentration unaltered. [114] Experiments in lead-and cadmium chalcogenides have shown an effective p-type doping as a response to treatment with chalcogenide salts that may stem from a not only changed, but also shifted energy levels, likely through surface dipoles or partially oxidized chalcogenide ions. [55, 114, 120, 121] On the other hand, the addition of lead-or cadmium salts results in partial restoration of the original behavior.
Prospects in Energy Harvesting and Optoelectronics

Solar Cells
The realization of stable n-type lead-chalcogenide CQD solids gave a boost to the development of CQD solar cells. Previously, the air-sensitive and consequently mostly p-type thioltreated arrays were used in Schottky-type or in the so-called depleted heterojunction solar cells. [122, 123] Using a thick halide treated n-type layer and a thin thiol-treated layer on top, the currently best device structure was developed, where the charge carrier extraction is facilitated (Figure 4a-c) . [35] In these devices, the ligand-dependent position of the energy levels in the two layers is exploited, forming a quasi-pn type-II heterojunction.
Almost at the same time, the solution-phase ligand exchange was introduced to the solar cell research as well. [49, 124] While by using thiol-only stabilization the device performances are as low as the layer-by-layer-treated thiol-based samples, [32, 33] the possibility of mixing CQDs stabilized with different ligands enables the formation of a bulk heterojunction-like device architecture that carries the possibility of fine-tuning the carrier extraction to the electron and hole mobilities in the material. [125] The use of stable dispersions of ligand-exchanged CQDs allowed for the fabrication of polymer:CQD bulk heterojunction solar cells with decent efficiencies. [111] Refinement of the ligand exchange chemistry for lower trap density and disorder recently led to an improvement in the efficiencies, up to a record of 11.3%. [19, 126] Although the lower energetic disorder results in increased open-circuit voltages in these solar cells (see Figure 4d-f) , the values are still not competing with those of other solution-processable semiconductors as the hybrid perovskites. The suppression of the density of carrier traps and recombination centers is crucial in improving the solar cell performances.
The superior quality of the halide-capped materials, their n-type character, and the dominance of the electron transport due to the stoichiometric imbalance led to a bottleneck in the further improving this device performance. A low depletion width in the thick n-type layer caused by a low hole concentration in the p-type one was found to be the limiting factor in the current device structure. [128] Since the n-type material is generally of higher quality in terms of trap concentration and air stability, methods of achieving a higher hole concentration in the p-type layer were proposed to solve the bottleneck (Figure 4g,h) . The treatment with a chalcogenide solution, which modifies the band structure and results in an effectively more p-type material, and the doping with charge-transfer molecules lead to an increased hole concentration. [107, 127] Although these methods tackle the problem, the hole mobility in the highest quality CQD films is still orders of magnitude lower than the electron one. Wider applications require both efficient electron and hole transport, setting the direction of the research for the next few years.
Electronic Devices: Field-Effect Transistors (FETs) and Inverters
Field-effect transistors, besides being the fundamental building blocks of modern electronics, are often used to characterize the transport properties of semiconductors. For this purpose, mainly simple device structures (bottom-gate, bottom-contact, and Si/SiO 2 wafer as the gate stack) are used, optimized for parameter screening and convenient lab-scale fabrication. However, many improvements have been made to the material chemistry and the device structure to boost their performance for practical purposes, and several attempts were aimed to create more complex electronic circuits (see an overview in Figure 5 ). The main interest in CQD FETs lies in the tunable electronic properties: the possibility of fine-tuning the carrier concentration and mobility in a simple manner carries enormous prospects for applications.
The first high-mobility CQD FETs were fabricated based on chalcogenidometallate-or thiocyanate-stabilized inks (more information about the chemistry was discussed in Section 2.1). [24, 30, 129, 130] This approach resulted in good transport with an electron mobility of 10-20 cm 2 V −1 s −1 in CdSe CQD arrays. However, this approach should mainly be considered as an alternative fabrication method for thin film compound semiconductors, as the confinement is mostly lost in the annealing process). The first FETs based completely on nanocrystal inks were reported recently as to show the prospects of this fabrication approach (Figure 5a-c) . [131] In this work, the CdSe CQD channel is controlled by a colloidal Ag/ colloidal Al 2 O 3 gate stack and contacted by electrodes based on a mix of In and Ag nanoparticles. Between the deposition steps, each layer is always functionalized by a ligand treatment to protect the film and to enhance the wetting for next layer.
Keeping the focus on the bottom-up fabrication of thin film compound semiconductors, the method has been refined to match the composition of the stabilizing and connecting Adv. Mater. 2018, 30, 1800082 Figure 4 . Developments in the CQD solar cell structure and proposed solution for the hole bottleneck: a) ligand-dependent band edge positions in PbS CQD solids lead a depletion region in bilayer structures; b,c) the bilayers form a quasi-pn junction that enables the fabrication of efficient solar cells using only an electron-selective electrode; d-f) refined ligand exchange recipe resulting in lower polydispersity and energetic disorder in the deposited thin films resulting in: d) a sharper absorption edge and e) higher open-circuit voltage measured in solar cells; f) electron injection into the electrode is improved in less disordered samples due to the shallower band tail; g) hole doping of the p-type layer with a metal-organic molecule and stoichiometric adjustment were suggested as methods to improve the performance; [107, 127] h) doping the EDT-capped layer increases the depletion width in the n-type absorber, improving the carrier extraction. a-c) Reproduced with permission. [35] Copyright 2014, Springer Nature. d-f) Adapted with permission. [19] Copyright 2016, Springer Nature. h) Adapted with permission. [107] Copyright 2017, American Chemical Society.
ligands and the CQDs resulting in electron mobilities of several hundred cm 2 V −1 s −1 , approaching that of the polycrystalline bulk materials (Figure 5d-f) . [18] However, the loss of confinement is detrimental for lightrelated applications, such as light-emitting field-effect transistors or phototransistors. The confinement can be retained by using halides as capping or stabilizing ligands. [21] Layer-bylayer processed PbS or PbSe CQD FETs with iodide treatment were shown to give mobilities in the range of 0.1 cm 2 V −1 s −1 and high on/off ratios. [13, 55, 106] Solution-phase treated, singlestep deposited samples of halide-capped CQDs are sparse, but report very similar properties, opening the way for further, more application-oriented developments. [132, 133] The ligand-exchanged inks have another advantage besides the facile device fabrication, namely, the possibility of doping without an extra step in the process. Tuning the stoichiometry with the ligands or charge transfer molecules as described in the previous step requires an extra fabrication step, often for every deposited CQD layer. [106, 114] This step can be avoided by mixing the dopant in the ink, making the films processing easier. [45] The fabrication of high performing and stable FETs motivated researchers to test the materials in more complex devices. Inverters are the simplest examples: they consist of two, connected transistors. In the first attempt, complementary metal-oxidesemiconductor (CMOS)-like inverters were made using highly ambipolar, thiocyanate-capped PbS CQDs. [10, 134] In these devices, because of the lack of complementary behavior, the leakage through the "off" device limits the performance. More advanced devices such as NMOS inverters, amplifiers, or ring oscillators on flexible substrates have been prepared using thiocyanate-or chalcogenidometallate-capped, sintered CdSe CQDs. [135, 136] The halide-capped, n-type CQD solids often outperform the chalcogenide-capped ones in subthreshold swing and on/off ratio, making their use preferred as the n-type component in electronic devices. [21] This is especially true, when the polarity of the FETs is fine-tuned with the choice of ligand and the electrode material. [137] The lack of high-quality p-type CQD FETs with similar sharp switching is the current limiting factor in the development of all-CQD electronics. However, combining the CQDs with another promising class of solution-processed semiconductors has been suggested recently (Figure 5g,h [131] Copyright 2016, American Association for the Advancement of Science. d-f) Reproduced with permission. [29] Copyright 2015, American Association for the Advancement of Science. g,h) Adapted with permission. [20] Copyright 2017, The Authors, published by Wiley-VCH.
Semiconducting carbon nanotubes wrapped with a polythiophene derivative are known to form high-performance p-type FETs [138] and are excellent complementary material for iodidetreated PbS CQD solids. The combination of these two materials as elements of CMOS-like structures led to the best fully solution-processed inverters to date. [20] Exploiting the quantum-confined and ambipolar nature of the CQDs, light-emitting FETs can be fabricated. [139] In these devices, the presence of both carriers controlled by the gate and the drain bias leads to localized recombination in the channel. The spectrum of the emitted light can be fine-tuned by the bandgap of the channel material, and therefore, the size of the CQDs.
The quantum-confined electronic structure of the CQDs can further be exploited in ionic-liquid-gated FETs. [140] In these devices, the charge carrier density in the channel is controlled by the potential of a liquid electrolyte. The extreme effective capacitance of the liquid dielectrics allows for determination of the bandgap and the spacing of the energy levels, and modulation of the charge carrier mobility and optical properties by controlling the band filling. [141] [142] [143] [144] The high induced carrier density is also helpful in passivating trap states and characterization of heavily doped, or strongly coupled, low-bandgap CQD arrays. [8, 15, 67, 97, 114] As an interesting outlook, colloidal tetrapod nanocrystals have also been tested and shown to be excellent candidates for flexible devices. [145] FETs formed with a random tetrapod network in the channel show a strong dependence on the length of the tetrapod's arm, indicating that the number of connection points increase with the arm length. The increased network connection density leads to better resistance against bending in the sense that the long arm tetrapods show much large conductivities at the same bending radius than the short arm ones. Also in flexible devices, both the electron mobility and the threshold voltage exhibit a bending radius dependence and hysteresis upon a complete bending cycle in PbS CQD FETs, suggesting reversibly changing ligand connectivity. [146] 
Thermoelectric Energy Harvesting
The interest in nanostructured thermoelectric materials stems from the suppressed phonon mean path due to scattering at grain boundaries and the corresponding low thermal conductivity. In general, the higher the thermal gradient the higher the maximum power extractable from the device. Following this logic, most researchers focus on forming bulk thermoelectric materials with nanoscale structural features (domains, inclusions, superlattice periodicity, etc.). [147, 148] In an ideal thermoelectric material, the Seebeck coefficient, and the electrical and the thermal conductivity are separately optimized for maximum efficiency. CQDs are ideal building blocks for nanostructured thermoelectric materials for their diameter defining the feature size, the broad variety of available materials (allowing for alloying and compound formation), and all the methods developed to tune the electrical properties and optimizing the carrier concentration. [5] The surface-based approaches developed for CQD devices work for hot-pressed, sintered samples as well; n-type materials can be formed using halide treatment on lead-chalcogenide CQDs before sintering, while stoichiometric (over)compensation of similar particles by alkali chalcogenides leads to p-type solids. [149, 150] Engineering the potential landscape in bottom-up fabricated solids is possible through inclusion of metal nanoparticles, enhancing the thermoelectric response, while alloying is possible through mixing different CQDs (e.g., PbS and PbTe). [151, 152] Confined CQD solids are even more interesting for thermoelectric applications for the expected enhancement in the Seebeck coefficient due to the low dimensionality. [153] [154] [155] Quantum wells, nanowires, and 2D electron gases have shown increased thermal voltage that can be explained by their unique band structure. [148] Similar behavior enhanced by a possible band formation (only a narrowed density of states being available for transport) is expected for CQD assemblies. [156] Besides the interesting electronic structure, organic-capped, fully confined CQD arrays exhibit an order of magnitude lower thermal conductivities than the hot-pressed, sintered CQD-based materials. Moreover, it only increases by a factor of 2-3 (giving similar results to what has been observed in semiconducting polymers) upon exchanging the ligands without sintering, pointing toward prospective improve thermoelectric efficiencies. [157] Enhanced Seebeck effect and over 1 mV K −1 Seebeck coefficient has been reported in PbSe and PbTe CQD arrays treated with hydrazine. [158, 159] The doping effect of hydrazine was shown through the changing sign of the thermal voltage upon evaporation of the molecules. The Seebeck coefficient was found to be dependent on the particle size due to the changing energy level spacing in the array, a clear sign of a confinementrelated behavior. Flexible thermoelectric devices based on p-and n-type CQDs have been reported showing good performances for a series of p-n units. [160] Despite the large thermoelectric effect, the power conversion efficiencies are limited due to the low conductivities; therefore a strong increase in the mobility is required to exploit the enhanced thermoelectric effect with the optimal carrier density. [158] Thermal energy harvesting is not only possible through the Seebeck effect, but also absorption of IR photons can lead to energy conversion. In the previously described pn-junction structure (Section 4.1), low-bandgap CQDs show significant photocurrent when illuminated with a blackbody emitter. [161] 
Conclusion and Outlook
CQD solids have great prospects in at least three main directions: i) the superlattices of CQDs with partial bulk crystallike behavior and tunable dimensionality carry the promise of exploiting many confinement-based phenomena; ii) used as quantum-confined systems for light-coupled devices (solar cells and light-emitting field effect transistors), higher efficiencies and more flexibility in the device design are expected, showing commercial prospects; iii) as building blocks for bottom-up fabricated bulk materials for thermoelectrics, they show adjustability of the nanostructure and properties, with the added value of the ease of processing. While the prospects are visible, the progress is slower due to the need for deeper knowledge in the freshly developed synthetic, deposition processes and in the tuning of the electronic properties.
As discussed in Section 4, devices based on CQD solids start to reach levels of significant practical interest. Based on the solution-phase ligand exchange, bottom-up synthesis of bulk materials is already feasible for thermoelectric, electronic, and solar energy harvesting applications. Further improvements in the property control and ease of fabrication will further increase the interest, likely leading to commercialization.
The main directions to be researched in the coming years are fairly clear. For large-scale fabrication, the most important task is to expand the list of possible solvents with processingfriendly, low-boiling point candidates by improving the stabilization. The formation of high-quality p-type layers with improved hole mobility and resistance to sintering as in the halide-capped layers is the next step in property control, being relevant for all three main directions (solar cells, electronics, and thermoelectrics). For practical applications, more attention has to be given to devices fabricated by upscalable methods, even by compromising eventually on the device performances. At last, for environmental reasons and social acceptance Cd compounds should be avoided, together with harmful solvents, while Pb chalcogenides can be used for applications in energy harvesting in agreement with the most severe environmental legislations.
Finally, CQD solids appear to be not only an excellent "playground" for researchers from different disciplines (e.g. chemists, material scientists, condensed matter physicists), but also have serious chances to be utilized soon in electronic and optoelectronic devices.
